R
esuscitative thoracotomy (RT) is performed on trauma patients who either have no central pulse or are periarrest. 1, 2 It is a dramatic maneuver, intended to facilitate the release of pericardial tamponade, control massive hemorrhage and air leaks, or allow open cardiac massage and aortic control, to restore spontaneous circulation. RT has been thoroughly evaluated in civilian practice, with best survival rates observed in penetrating trauma to the thorax (8.8Y33.0%), with least favorable outcomes noted in blunt injury (0.5Y1.4%).
3Y7
Despite a significantly different wounding pattern, currently UK and US military clinical practice guidelines (CPGs) are largely based on civilian practice owing to a limited evidence base. 8, 9 Military patients are predominantly injured by explosive and high-energy gunshot mechanisms. 10 These wounds are often sustained in austere circumstances with lengthier prehospital evacuation times in comparison with civilian emergency medical service systems. 11 However, within these constraints, there have been a number of reports of successful outcomes following RT in the combat environment, 12 but only a single large series reporting 101 consecutive combat-related RTs performed between 2003 and 2007 with an overall survival rate of 12%. 13 Specifically, there are limited data on the location and timing of cardiac arrest in combat wounded undergoing RT.
Since 2006, the UK Defence Medical Service (DMS) has been providing trauma care in Helmand Province, Southern Afghanistan at the Role 3 hospital in Camp Bastion. Within this time, there have been significant developments in combat casualty care, such as balanced resuscitation strategies, forward critical care, and the use of tourniquets. The UK and US military has incorporated such developments into a paradigm of damage-control resuscitation (DCR) beginning at the point of wounding through to discharge.
14 The aim of this study was to analyze survival, and the causes and times of death in patients undergoing RT within the context of modern battlefield resuscitation. This study aimed to inform clinicians dealing with the complex decision making surrounding RT in the pulseless combat trauma patient.
PATIENTS AND METHODS
A retrospective cohort study was performed on consecutive admissions to a field hospital in Southern Afghanistan following approval from the UK's Joint Medical Command Academic Unit and the US Army's Institute for Surgical
Research. All patients, both local nationals and NATO personnel, in circulatory arrest (i.e., no palpable central pulse), undergoing RT were identified using the UK Joint Theatre Trauma Registry (JTTR). We defined RT as thoracotomy performed in hospital, in a pulseless patient, with the intention to restore spontaneous circulation.
Data retrieved included the mechanism and severity of injury, admission physiologic status, blood product use, surgical interventions, survival up to 30 days, and causes of death. We were specifically interested in the location when the arrest occurred (in the field, during evacuation, or in the emergency department [ED] ) and time from circulatory arrest to thoracotomy, where available. Admission respiratory rate, systolic blood pressure, and Glasgow Coma Scale (GCS) score were used to generate a Revised Trauma Score (RTS), which is inversely proportion to survival. 15 The Abbreviated Injury Scale (AIS) score was used to describe injury pattern and calculate an Injury Severity Score (ISS) and New Injury Severity Score (NISS)Vthe greater the score, the greater the injury burden. 16 A severe injury to a body region was defined as an AIS score of 3 or greater.
The UK JTTR records the complete follow-up for all UK military patients; however, the day of discharge accounts for the last day of follow-up for all other patients. Thus, to maximize cohort follow-up, all US patients were identified and cross referenced with the US JTTR. This enabled the 30-day follow-up of UK and US patients admitted to Camp Bastion.
The cohort was divided into survivors and nonsurvivors. Comparisons were made using the W 2 test for categorical data, and differences in means were assessed using t test or MannWhitney rank-sum test for continuous variables. (20) , and NISS was 47 (21) in the overall cohort. Of the 65 patients, return of spontaneous circulation (ROSC) was achieved in 33 patients (51%) but was not sustained in 19 of those (57.7%); the overall survival rate was 14 (21.5%).
RESULTS

Between
The age, sex distribution, and mechanism of injury were similar in the survivor and nonsurvivor groups ( Table 1 ). There is an inclination toward a greater injury burden and severity in the fatalities; however, no parameter achieves statistical significance (Table 1 ). Of note, there were no severe head injuries in the survivor group, with nine (17.6%) in the nonsurvivor group. Survivors proportionally tended to have less severe thoracic injury (p = 0.352), with a greater proportion of severe extremity injury (p = 0.253).
Comparing survivors with nonsurvivors, there was no difference in the time (minutes) from incident to hospital admission (70.0 [28.5] vs. 72.0 [35.4], p = 0.741). However, the time from loss of pulse to thoracotomy was significantly less in the survivor group (6.15 [5.8] vs. 17.7 [12. 63], p G 0.001). The longest time between circulatory arrest and thoracotomy in a patient to survive to 30 days was 24 minutes. None of the 10 patients who had an arrest in the field ever had their cardiac output restored. Of the 29 patients who arrested en route, 13 (44.8%) had a transient ROSC with 3 30-day survivors (10.3%). There were 26 patients who had an arrest in the ED, 20 (76.9%) of whom had their cardiac output restored; however, it was only sustained in 11 patients (42.3%) to 30 days ( Table 2) . At thoracotomy, open cardiac massage was used significantly less in patients who survived to 30 days (64.3% vs. 92.2%; p 0.007)Vof the five patients undergoing thoracotomy without cardiac massage, their hearts were considered contractile but empty at pericardiotomy. Aortic controlVeither cross clamping or manual compressionVwas used similarly in both groups, to enhance cerebral and myocardial perfusion. One survivor required release of a cardiac tamponade and repair of the right ventricular outflow tract following fragmentation injury and ED arrest. Several thoracic hemorrhage control maneuvers (pulmonary tractotomy, nonanatomic lung resection, vascular repair) were used in both groups evenly. A greater proportion of survivors required a concomitant laparotomy for hemorrhage control in the abdomen, although this only trended toward statistical significance (57.1% vs. 31.4%; p = 0.077). Table 3 includes a summary of operative procedures within the groups.
There were significantly more blood products used in the resuscitation of patients who ultimately survived (p G 0.001; Table 3 ). The mean fresh frozen plasma (FFP)Ypacked red blood cell (PRBC) ratio was also higher in the survivor group (0.9 [0.1] vs. 0.7 [0.4], p = 0.051). There was no significant difference in the use of tranexamic acid or recombinant factor 7a.
The majority of deaths (45 patients or 88.2%) occurred intraoperatively with a mean (SD) time from admission to death of 33 (33) minutes. Only 13 of these patients (28.9%) had ROSC, although none were sustained for a significant period. All 45 patients died of hemorrhage and irretrievable cardiovascular collapse, although 9 patients had also sustained a severe head injury. Nineteen patients were successfully resuscitated, achieving sufficient cardiovascular stability to be transferred to the intensive care unit (ICU). Ultimately, three patients died within 24 hours following refractory hypotension, fulminate multi-organ failure and coagulopathy. Two patients had sustained hypoxic brain injuries, dying on postoperative Days 1 and 2. The mean (SD) time from admission to death in patients surviving to ICU was 19.8 (26.8) hours.
Of the remaining 14 patients, one local national was discharged walking from intensive care on Day 14 and onward to a local Afghan facility on Day 22. Seven UK and six US patients underwent strategic aeromedical evacuation to their respective countries for continued care, with follow-up available for all patients to 30 days.
DISCUSSION
We report a series of 65 patients undergoing emergency RT for circulatory arrest following combat injury with 14 survivors (21.5%). Most survivors had an arrest in the ED, with a minority occurring during medical evacuation. No patient who had an arrest in the field achieved a return of spontaneous circulation, and no patient with a severe head injury survived beyond 24 hours. Of the patients in whom cardiac output was restored long enough to be transferred to the ICU, a quarter ultimately died of either physiologic exhaustion or hypoxic brain injury within 3 days of injury. In the remaining 14 patients, 13 have been followed up to 30 days, and 1 local national patient was been discharged at 22 days.
This registry study is limited by its retrospective nature in that we may not have identified all eligible patients and are unable to report detailed neurological outcomes. We are also unable to comment on the use of cardiopulmonary resuscitation in the field because this prehospital data are not recorded within the JTTR. However we are confident that we have captured all relevant cases by extensive cross-checking databases with operating surgeons. In addition, we have derived causes of death from the registry data, which are not as comprehensive as a formal autopsy.
Factors associated with survival, in the civilian literature, include injury pattern and length of warm ischemia.
1,2 Survival rates have been reported as high as 38% the in subgroup analyses of patients who presented with thoracic stab wounds and tamponade. 17Y19 However, a review by the trauma subcommittee of the American College of Surgeons 4 identified an overall survival rate of 7.8% in 7,035 thoracotomies, 11.2% for penetrating and 1.6% for blunt injury. Best results have been found in patients with cardiovascular collapse from cardiac tamponade following isolated cardiac chamber injury. 19, 20 Time between arrest and restoration of cardiac output is variable in survivors, 21 although a maximum of 30 minutes is generally accepted. 7, 22 However, military trauma is significantly different from civilian in both mechanism and anatomic wounding pattern. 10 In the current conflict, there is preponderance toward blast injury and high-energy transfer ballistic injury yielding heavily contaminated wounds with substantial tissue destruction. 23 Thus, the civilian experience of RT has limited applicability to military wounded. The evidence for the use of RT in the military is currently limited to case series 12 and cohort studies 13, 24 Our results are comparable with the best civilian outcomes, despite an injury pattern dominated by extrathoracic injury and exsanguination. These outcomes have been achieved by several components related to the treated population and system of treatment. First, our patients were generally young and fit with a significant physiologic reserve permitting a degree of resilience to major insults. Second, the treatment of patients commenced at the point of wounding, which while in this cohort did not prevent any patients arresting, it may have extended time with a spontaneous circulation. Furthermore, upon admission to the field hospital, all patients received aggressive DCR to restore volume and achieve surgical hemostasis, combined with field critical care. The largest series to date looks at the outcomes following emergency thoracotomy from a US combat support hospital in Iraq in 2003 to 2007. Edens et al. 13 reported a 12% survival rate in a consecutive series of 101 patients injured by all mechanisms (blunt and penetrating). There were no survivors in the seven patients injured by a blunt mechanism. The primary location of wounding was the thorax (40%), abdomen (30%), extremities (22%), and the head/neck (2%).
Our series extends these findings to the Afghan theater, although there are differences in injury pattern and resuscitation. We report a higher proportion of patients with severe extremity injury (46.2%), which is characteristic of the dismounted complex blast injury, a signature injury of the war in Afghanistan (Fig. 1) . 25 Patients who are hypovolemic from a severe limb injury may be more likely to achieve an ROSC if the circulating volume is rapidly restored. Our study reports more than twice the average PRBC (36 U vs. 15 U) and four times the average FFP (33 U vs. 7 U) used per survivor than in the study of Edens et al. Balanced resuscitation is associated with improved outcomes. 26 Our results are further complimented by a prospective observational study of 52 patients with military traumatic circulatory arrest at Camp Bastion performed by Tarmey et al. 24 They reported 14 patients (27%) exhibiting ROSC, although only sustained in 4 (8%). RT was performed in 12 patients, including the 4 who survived to discharge. The majority of deaths (79%) occurred within an hour and the longest duration of arrest associated with survival was 24 minutes. It is important to note that our study overlaps with their work, although we have only examined the subgroup of patients undergoing RT.
They concluded that despite higher ISSs compared with those of contemporary civilian studies and the high prevalence of exsanguination, outcomes were similar. They identified short arrest times, presence of electrical activity, and cardiac movement on ultrasonography to be associated with successful resuscitations. Unfortunately, we are unable to report the role of ultrasonography, and although we do not know the presenting rhythm of 38.5% of our cohort, 92.9% of survivors were in a pulseless electrical activity rhythm.
The UK and US military have both published CPGs for the use of RT, of which we are able to comment on the penetrating component of the guidelines. The UK DMS CPG starts with an assessment for the presence of ''signs of life''Vabsence in the field suggests that RT is futile and contraindicated in such circumstances. 9 The guideline goes onto suggest that RT should only be performed if it can be accomplished within 5 minutes from the loss of signs of life. The US military's CPG is similar but specifies that RT should only be performed within 10 minutes from the loss of a pulse in patients without an isolated head injury. 8 Our data largely support these guidelines, which recognize the time critical nature of RT and the futility in the presence of head injury and arrest in the field. However, the data presented suggest that the time limits proposed within current CPGs are too conservativeVthe longest time from arrest to RT in a survivor within this series was 24 minutes. Clearly military surgeons are performing RT beyond these timeVthis may be caused by a lack of prehospital information or the exercising of clinical judgment. We would suggest amending the UK and US CPGs to increase the length of time to 30 minutes within which RT may be of benefit to pulseless combat casualties.
However, it is important to recognize the dynamic nature of warfare, especially when in an expeditionary phase. Our data demonstrate that ROSC was possible in half our patients but only sustained in a fifth, requiring significant operative and critical care resources. These outcomes were achieved in a mature facility, with significant resources and personnel and may not extend to further forward austere locations.
The importance of a short arrest time would suggest that earlier prehospital thoracotomy may be sensible. The facility for prehospital thoracotomy exists within the DMS on the medical emergency response team aeromedical platform, and several have been performed with no survivors to date (UK JTTR, unpublished data). A previous analysis suggested that military wounding is not amenable to such an approach owing to the multicavity nature of high-energy transfer military projectiles. 27 Our study highlights the importance of hemostatic resuscitation in military circulatory arrestVit is likely that a thoracotomy performed without aggressive DCR is probably limited in its effectiveness.
We have reported 3 (16%) of 19 patients who had a sustained ROSC but died of fulminate multiple-organ failure in ICU. These types of patients, who ultimately die despite correction of their physiologic instability, are becoming increasingly recognized as a specific subgroup. Recently the term exsanguination shock has been used to describe this group; however, the mechanism of this process remains elusive. 28 Undoubtedly, there are multiple, complex cellular processes evolving in these severely injured patients, which if understood may assist in directing the future care of trauma patients. 
SUMMARY
RT is a procedure that surgeons deployed in conflict zones need to be comfortable performing because appropriate application can yield unexpected survivors. Survival rates are similar to well performing civilian centers, although the injury pattern is significantly different. Hemorrhage is the leading cause of arrest, often from abdominal and extremity trauma, with head injuries carrying a very poor prognosis. Short arrest times and in-hospital or en route arrest locations are associated with greater survival. RT for patients having an arrest at the point of wounding and seems to be futile. Survivors require significant operative, critical care and transfusion resources. 
